DNA damage activates the monoubiquitination of the Fanconi Anemia protein, FANCD2, resulting in the assembly of FANCD2 nuclear foci. In the current study, we characterize structural features of FANCD2 required for this intranuclear translocation. 
INTRODUCTION
Fanconi Anemia (FA) is a rare autosomal recessive cancer susceptibility syndrome characterized by developmental abnormalities, progressive bone marrow failure, and cellular hypersensitivity to DNA crosslinking agents 1 . Eleven FA complementation groups have been identified (A, B, C, D1, D2, E, F, G, I, J, and L) 2, 3 and eight FA genes have been cloned 2, 4, 5 . The FANCD1 gene is identical to the breast cancer susceptibility gene, BRCA2 6 . The eight encoded FA proteins (A, C, D1, D2, E, F, G, L) cooperate in a common cellular pathway, the FA/BRCA pathway 7 .
In this pathway, six of the FA proteins (A, C, E, F, G, L) 8, 9 bind in a constitutive nuclear protein complex (the FA complex). In response to DNA damage 10 or during the S phase of the cell cycle 11 , the FA complex promotes the monoubiquitination of the downstream FANCD2 protein. This event requires a molecular interaction between the FANCE and FANCD2 proteins 12, 13 . Monoubiquitination of FANCD2 is required for targeting of FANCD2 into nuclear foci containing BRCA1, FANCD1/BRCA2, and RAD51 11 . These subnuclear foci may be sites of homologous recombination-mediated DNA repair, given the known roles of BRCA1, BRCA2, and RAD51 in this process 14, 15 .
Disruption of the FA/BRCA pathway results in the characteristic cellular and clinical features of FA, including hypersensitivity to DNA crosslinking agents 16 .
A critical regulatory event in the FA/BRCA pathway is the monoubiquitination of FANCD2 on Lysine 561 10 . Analysis of FANCD2 monoubiquitination provides a rapid diagnostic screen for the integrity of the FA/BRCA pathway 17 . In addition, FANCD2
undergoes an IR-inducible, ATM-dependent phosphorylation on Ser222 18 .
Phosphorylation of this serine is required for the establishment of an intra-S phase checkpoint response but is not required for FANCD2 monoubiquitination, FANCD2
targeting to foci, or FANCD2-mediated DNA repair.
Little is known about the regulation or functional outcome of FANCD2 monoubiquitination. First, the newly-cloned FANCL protein has a PHD domain (E3 ubiquitin ligase domain), although its ubiquitination of FANCD2 has not been demonstrated in vitro 2 . Interestingly, BRCA1, a 1863 amino acid tumor suppressor protein with an amino terminal E3 RING-Finger ubiquitin ligase domain 19 , is required for efficient FANCD2 activation following DNA damage, although BRCA1-deficient cells still exhibit some FANCD2 monoubiquitination 20 .
BRCA1 and/or its heterodimeric E3
For personal use only. on November 12, 2017 . by guest www.bloodjournal.org From ligase partner, BARD1 21 , may therefore contribute directly or indirectly to FANCD2 monoubiquitination. Second, the monoubiquitinated isoform of FANCD2 (FANCD2-L)
accumulates in discrete nuclear foci in damaged cells 10 , suggesting that it is actively transported to these structures. Accordingly, these foci may contain a specific receptor for FANCD2-L or its ubiquitin moiety. Third, following DNA repair or during the mitotic phase of the cell cycle, FANCD2-L is deubiquitinated, suggesting a reversible and more complex mechanism of regulation.
The nucleus is organized into an integrated structure in which chromatin is associated with a non-histone scaffold termed the nuclear matrix 22 . Various aspects of nucleic acid metabolism, including DNA replication, transcription, and the repair of UVinduced thymidine dimers, require an interaction between chromatin and the nuclear matrix. A previous study indicates that FA proteins required for FANCD2 monoubiquitination are found in the chromatin 23 , and we recently reported that monoubiquitinated FANCD2 interacts with the breast cancer susceptibility gene product BRCA2/FANCD1 in chromatin 24 .
In the current study, we examined structural features of FANCD2 required for monoubiquitination, nuclear foci assembly, and functional activity in the FA/BRCA pathway. We identified a conserved twenty-four amino acid carboxy terminal region of FANCD2 encoded by exon 44. This region is predicted to form a coiled-coil structure, and it is required for FANCD2 functional activity downstream in the FA/BRCA pathway but not for monoubiquitination of FANCD2. Further, monoubiquitination, but not the Cterminal region of the protein, is required for FANCD2 localization to chromatin. 
RNA extraction and reverse transcription-polymerase chain reaction (RT-PCR).
Total RNAs were extracted using Trizol reagent (Invitrogen), measured by optic density, MMC sensitivity assay. The MMC sensitivity assay was performed essentially as previously described 26 . Cells were passaged into 12-well plates at 6x10 3 cells per well.
The following morning, a series of concentrations of MMC was added and cells were Cell cycle synchronization. HeLa cells were synchronized by the double thymidine block method as previously described, with minor modifications 27 . Briefly, cells were treated with 2 mM thymidine for 18 hr, thymidine-free media for 10 hr and additionally with 2 mM thymidine for 18 hr to arrest the cell cycle at the G1/S boundary. Cells were washed twice with PBS, released in DMEM +15% FCS, and analyzed at various time intervals.
For personal use only. on November 12, 2017. by guest www.bloodjournal.org From Preparation of cellular fractions for immunoblotting. Cells were grown on 15 cm culture dishes. Cells were either left untreated or were exposed to MMC (170 ng/ml) or IR (15 Gy), trypsinized 12 hr later, and collected by centrifugation. Cells were washed once with cold PBS, and aliquoted equally into four eppendorf tubes and collected by centrifugation in a Sorvall RT 6000D centrifuge at 4 o C for 3 min at 1200 rpm. One pellet, representing the whole cell pellet (P1), was frozen in liquid nitrogen. Remaining pellets were resuspended in cold buffer A (10 mM PIPES pH 7, 100 mM NaCl, 3 mM MgCl 2 , 1 mM EGTA, 300 mM sucrose, 0.5 mM Na 3 VO 4, 50 mM NaF , 10 µg/ml aprotinin, 10 µg/ml leupeptin, 10 µg/ml pepstatin A, and 1 mM PMSF), containing 0.5% Triton X-100 and incubated at room temperature (RT) for 2 min to permeabilize cells. Immunofluorescence microscopy. Immunofluorescence microscopy of human fibroblasts was performed as previously described 10 
RESULTS

Two splice variants of FANCD2
We previously identified two normal mRNA splice variants of FANCD2 which differ in their 3' coding sequence (GenBank Accession #AF273251), as shown schematically in Figure 1A To determine the functional significance of the carboxy terminal sequence of FANCD2, we generated a series of cDNAs encoding the FANCD2 splice variants and mutant FANCD2 proteins (Figure 2A ). The carboxy terminus of the FANCD2-44
protein is highly conserved between human and rodents (M. musculus and R. norvegicus) ( Figure 2B ), and may therefore have an important cellular function. This sequence is highly acidic, containing 12 acidic residues (E or D) out of 24 residues (50%) in the human sequence. This includes an EDGE stretch (1427-1430) that is conserved in humans and rodents, which we will refer to as the "EDGE" region. A highly conserved
acid residue in the EDGE sequence (D1428) is conserved in the species listed above (Fig. 2B) .
We generated the Exon44-T mutant of FANCD2, truncated at the carboxy terminus and lacking the EDGE region (Figure 2A ). Another construct, the mutant EDGE variant, contains the exon 44 sequence encoded carboxy terminus but the conserved aspartic acid residue at position 1428 was converted to alanine (D1428A).
Another mutant, FANCD2-K561R, has previously been described 10 . This mutation disrupts the monoubiquitination of the FANCD2 protein, its targeting to nuclear foci, and its ability to functionally complement FA-D2 cells.
We next expressed the wild-type or mutant FANCD2 proteins in the FANCD2(-/-) fibroblast line, PD20F, which lacks endogenous FANCD2 protein ( Figure 3 ). Previous studies have shown that FANCD2-44 is normally expressed as two isoforms, the unubiquitinated isoform (FANCD2-S) and the monoubiquitinated isoform (FANCD2-L) 10 . Following DNA damage 10 (Table 1 and data not shown). Taken together, these results indicate that the carboxy terminus of FANCD2 is not required for monoubiquitination.
Monoubiquitination of wild-type FANCD2-44 on K561 results in targeting to
subnuclear foci 10 . Similarly, monoubiquitinated Exon44-T and Mutant EDGE were targeted to foci ( Figure 3B , Table 1 ), indicating that the carboxy terminal region of FANCD2-44 is not required for this intranuclear translocation. In contrast, the K561R mutant failed to assemble in foci. In addition, we demonstrate for the first time that wildtype FANCD2 colocalizes with the phosphorylated histone H2AX (Ser139), which is associated with DNA damage foci sites [28] [29] , following IR ( Figure 3C ). H2AX does not form prominent foci in randomly cycling HeLa cells.
The carboxy terminus of FANCD2-44 is required for functional complementation of FA-D2 cells.
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We next examined the FANCD2 variants for their ability to functionally complement the MMC hypersensitivity of FA-D2 cells (Figure 4) . Wild-type FANCD2-44 corrected the MMC sensitivity of transduced FA-D2 cells, as measured by a colorimetric assay of cellular viability 5, 10, 26 , consistent with previously reported results 5 .
Interestingly, the FANCD2-43 variant, the Exon44-T mutant, and the mutant EDGE protein failed to correct MMC hypersensitivity ( Figure 4 and Table 1 ). Taken together, these results indicate that the carboxy terminal twenty-four amino acids of FANCD2-44 are required for MMC resistance.
Monoubiquitination of FANCD2 is required for chromatin binding.
We next determined whether monoubiquitination of FANCD2 targets the protein to discrete nuclear compartments ( For personal use only. on November 12, 2017. by guest www.bloodjournal.org From
DISCUSSION
In the current study, we compared the function of the C-terminal acidic region of FANCD2 which differs significantly in two endogenous splice variants of FANCD2.
Only one of these splice variants, FANCD2-44, encodes a functional protein capable of correcting the FA/BRCA pathway in FA-D2 cells (Figure 4 and Table 1 monoubiquitination, its targeting to foci, or its distribution to chromatin. By contrast, monoubiquitination at K561 is required both for FANCD2 foci formation 10 and FANCD2 fractionation with chromatin 24 (also, see Fig. 6 ).
Perhaps local sequence determinants, such as amino acids adjacent to K561, control the sequence-specific monoubiquitination of FANCD2. For instance, FANCD2
contains several conserved serine residues in its primary sequence adjacent to K561.
One or more of these serine residues may become phosphorylated in vivo, leading to FANCD2 monoubiquitination. Analogously, protein polyubiquitination at an internal lysine residue is often preceded by nearby serine phosphoryation 30 .
Monoubiquitination may alter the conformation of FANCD2, thereby revealing a chromatin binding motif. Alternatively, a monoubiquitin receptor in the chromatin, perhaps assembled at sites of damaged chromatin, may mediate FANCD2-L accumulation. Ubiquitin binding proteins may contain a UBA domain 31 or some other ubiquitin binding activity 32 . Other examples of protein monoubiquitination in protein sorting are known 32 . The Ste2p protein in yeast is internalized from the cell surface after monoubiquitination of its cytoplasmic tail 33, 34 . Also, PCNA is monoubiquitinated
org From
following cellular exposure to DNA damage and perhaps targeted to sites of DNA repair 35 . Monoubiquitination may therefore play a more general role in the targeting of DNA repair proteins to sites of damaged chromatin.
Increasing evidence suggests a role of chromatin modification in DNA repair.
H2AX, which assembles in nucleosomes 36 , is phosphorylated in response to doublestrand breaks and is believed to recruit other DNA damage response machinery to these sites [28] [29] . Also, chromatin assembly, mediated by modification of histones by either acetylation or methylation, is required for DNA repair following intrastrand crosslinks or double strand breaks [37] [38] . Besides FANCD2, other chromatin associated proteins, including the Rad50/Mre11/NBS1 complex, play a role in the DNA damage response [39] [40] .
The finding that nucleotide excision repair (NER) requires chromatin relaxation involving acetyltransferase activity 41 is of particular interest in the context of our finding that activated FANCD2 is chromatin associated. Along with homologous recombination, nucleotide excision repair pathways are required for the repair of DNA interstrand crosslinks 42, 43 . FA cells are specifically sensitive to DNA interstrand crosslinkers, such as MMC.
According to the model (Figure 7 ), DNA damage activates the monoubiquitination of FANCD2 by an E3 ligase, which is probably the FANCL subunit of the FA complex 44 . Monoubiquitinated FANCD2 subsequently binds to chromatin 24 .
There it may interact with other protein components of the DNA repair response or with damaged DNA itself in a manner that requires the C-terminal 24 amino acid EDGE region. In the current study, we show that DNA damage activates the colocalization of norvegicus. The sequence is highly acidic and the D1428 residue is conserved. 
